Objective: This study investigated whether large ischemic lesions in the deep white matter (DWM) on pretreatment diffusion-weighted MRI (DWI) predict futile recanalization. Methods: Consecutive acute stroke patients with anterior circulation ischemia who underwent successful arterial recanalization with thrombolysis in cerebral infarction grade 2b or 3 were enrolled. A large DWI-DWM lesion was defined as a hyperintense lesion in the DWM on initial DWI, located mainly between the anterior and posterior horns of the lateral ventricle. The Alberta Stroke Program Early CT score on CT and DWI and stroke volume on initial DWI were recorded. Stroke severity was assessed using the National Institutes of Health Stroke Scale (NIHSS) score. Futile recanalization was defined as a 30-day modified Rankin scale score of 3-6 despite successful recanalization. Univariate and multivariate regression analyses were performed to identify predictors of futile recanalization. Results: In 35 of 46 patients (76%) with successful recanalization, futile recanalization was observed in 20 patients (57%). Patients with futile recanalization were older (median age 74 vs. 58 years; p = 0.053), had higher initial NIHSS scores (median 17 vs. 9; p = 0.042), and a higher prevalence of large DWI-DWM lesions (45 vs. 9%; p = 0.022). Logistic regression analysis showed that a large DWI-DWM lesion was an independent predictor of futile recanalization (OR 13.97; 95% CI 1.32-147.73; p = 0.028). Conclusion: Patients with large preintervention DWI-DWM lesions may be poor candidates for endovascular therapy.
Introduction
Early recanalization of occluded cerebral arteries is usually associated with good outcomes in patients with acute ischemic stroke who undergo intravenous or intra-arterial thrombolysis or mechanical thrombectomy [1, 2] . Recent controlled clinical trials of acute endovascular therapy that selected patients based on the time from onset of stroke symptoms failed to demonstrate that endovascular therapy was better than intravenous thrombolysis with recombinant tissue plasminogen activator (IV rt-PA) [3, 4] . Failure of endovascular therapy in both clinical trials and clinical practice may be partly due to the subset of stroke patients who have poor outcomes despite successful recanalization. In previous reports about mechanical thrombectomy, only one third to half of all ischemic stroke patients with partial or complete recanalization had good outcomes, with modified Rankin scale scores of 0-2 [5] [6] [7] [8] [9] [10] . A review by Hussein et al. [11] found that the rate of futile recanalization in acute ischemic stroke patients who underwent endovascular recanalization was 49%.
Diffusion-weighted MRI (DWI) can detect irreversibly injured brain tissue after acute ischemic stroke, and it is therefore useful in patients who are candidates for acute recanalization therapy. The initial DWI lesion volume, Alberta Stroke Program Early CT score (ASPECTS) on DWI, and location of hyperintense lesions on DWI were reported to be good predictors of outcome in patients who underwent endovascular therapy [12, 13] . Patients with basal ganglia infarction on DWI had more disability at discharge, a longer hospital stay, and a higher rate of hemorrhagic infarction after endovascular therapy [14] . A large basal ganglia infarction may imply poor collateral flow with early infarction because the deep white matter (DWM) is an internal arterial border zone. We hypothesized that a large ischemic lesion in the DWM on DWI might predict poor outcomes in patients with successful recanalization after endovascular therapy.
Subjects and Methods

Patients
Using our acute stroke endovascular database, acute stroke patients with anterior circulation ischemia who underwent endovascular therapy within 8 h of onset between June 2010 and May 2011 were retrospectively identified. All patients with partial or complete recanalization [thrombolysis in cerebral infarction (TICI) grade 2b or 3] after endovascular therapy were included in this study. All patients underwent both CT and MRI, while perfusion-weighted MRI was performed in a subset of patients. Patients with contraindications for MRI, such as an implanted cardiac pacemaker or intracranial artery clipping, were excluded. The study was approved by the Institutional Review Board at the Cleveland Clinic (Cleveland, Ohio, USA).
Patient Characteristics
The following patient characteristics were recorded: age, sex, previous ischemic heart disease and ischemic stroke, and vascular risk factors (hypertension, diabetes mellitus, hyperlipidemia, and smoking). Vascular risk factors were defined as follows. Hypertension was defined as use of antihypertensive agents, a systolic blood pressure of >140 mm Hg, or a diastolic blood pressure of >90 mm Hg. Diabetes mellitus was defined as use of oral hypoglycemic agents or insulin, or a glycosylated hemoglobin level of >6.5%. Hyperlipidemia was defined as use of antihyperlipidemic agents or a serum cholesterol level of >220 mg/dl. Smoking was defined as having smoked cigarettes within the last 5 years. Stroke severity was assessed using the National Institutes of Health Stroke Scale (NIHSS) score. Patients who had received IV rt-PA prior to endovascular therapy were included in this study.
Acute Imaging
All patients underwent CT and MRI on admission. CT was performed before MRI unless imaging examinations were performed before arrival at our hospital. Standard noncontrast CT was performed using a multislice CT scanner (Sensation 64/16; Siemens, Munich, Germany) with 1.2-mm collimation and 4.5-mm slice thickness (S64), or 1.5-mm collimation and 4.8-mm slice thickness (S16). The patients were scanned from the skull base to the vertex with contiguous axial slices parallel to the orbitomeatal baseline. Noncontrast CT was followed immediately on the same scanner by CT angiography using a helical scan technique. The images were acquired after a single bolus intravenous injection of 80 ml nonionic contrast agent (Iopromide; Bayer Schering Pharma AG, Berlin, Germany) into an antecubital vein at 4 ml/s. The patients were scanned from the foramen magnum to the centrum semiovale or vertex with spiral 0.6-mm collimation, 0.75-mm slice thickness, and 0.7-mm interval (S64), or spiral 0.75-mm collimation, 0.75-mm slice thickness, and 0.7-mm interval (S16). MRI was performed using a commercially available echo planar instrument on a 1.5-tesla Magnetom Aera system with Syngo MR D11 software (Siemens). The neuroimaging protocol for acute stroke at our hospital includes DWI [repetition time ( 
Treatment
Patients who presented to a regional hospital or our hospital within 4.5 h of symptom onset were treated with IV rt-PA if there were no contraindications. The dose of IV rt-PA was 0.9 mg/kg according to the National Institute of Neurological Disorders and Stroke guidelines [15, 16] .
If both an initial NIHSS score ≥ 8 and concomitant large-vessel occlusion (cervical internal carotid artery, intracranial internal carotid artery, M1, and M2) on CT angiography were present, the endovascular team was activated. On the basis of these MRI results, all patients who had either clinical-DWI mismatch (clinical deficit out of proportion to DWI lesion, approximately <70 ml volume core infarct by visual inspection) or DWI-perfusion-weighted MRI mismatch (by visual inspection of the perfusion map) were immediately transported to the neuroradiography suite. The patients received either sedation (first-line) or general anesthesia with endotracheal intubation at the discretion of the neurointerventionalist and anesthesiologist. Groin access was obtained, and the target vessel was immediately catheterized for diagnostic angiography to confirm vessel occlusion. Mechanical thrombectomy was performed using a MERCI device (Concentric Medical Inc., Fremont, Calif., USA) or the Penumbra Aspiration System (Penumbra Inc., Alemeda, Calif., USA), and/or chemical lysis was performed using intra-arterial t-PA or glycoprotein IIb/IIIa inhibitors. Recanalization was assessed using the TICI criteria [17, 18] . TICI 0 indicates no perfusion, TICI 1 indicates penetrating, but no distal branch filling, TICI 2a indicates perfusion with incomplete (<50%) distal branch filling, TICI 2b indicates perfusion with incomplete (>50%) distal branch filling, and TICI 3 indicates full perfusion with filling of all distal branches. At the conclusion of the procedure, the patients were transported to the neurological intensive care unit for postprocedure care and monitoring. Standard stroke care and processes were implemented.
Assessment of the Images
All images were assessed by 2 experienced vascular neurologists (Y.T. or J.A.) who were blinded to the clinical information. Perfusion-weighted MRI reconstruction was performed using commercial software on a workstation supplied by the vendor (Siemens). The arterial input function was derived from the M1 segment of the middle cerebral artery or a branch in the hemisphere contralateral to the largest diffusion abnormality [19] . A mean-transit-time (MTT) map was used to detect the ischemic penumbra. A large DWI-DWM lesion was defined as a longitudinal hyperintense lesion in >80% of the DWM that was located between the anterior and posterior horns of the lateral ventricle. The lateral expansion of a diffusion abnormality at the level of the corona radiata was not taken into account when the lesion was considered to be a large DWI-DWM lesion. The lesion was not considered to be a large DWI-DWM lesion if there was a portion of the DWM at the corona radiata ( fig. 1 ) . The ASPECTS was calculated on CT and DWI. Ischemic lesion volumes on DWI and MTT were calculated by multiplying the area of abnormal intensity outlined manually by slice thickness. The abnormal lesions on CT, DWI and MTT were visually defined by comparison with the contralateral nonaffected hemisphere. The window level and window width were chosen to obtain the best contrast between the lesion and the surrounding normal tissues. The occlusion site was diagnosed based on CT angiography or MR angiography. Considerable hemorrhagic transformation was defined as a parenchymal hematoma type 2 (a dense hematoma in >30% of the infarcted area with a substantial space-occupying effect), or any hemorrhagic lesion outside the infarcted area [20] . The cerebral angiograms were reviewed by experienced endovascular surgical neuroradiologists (M.S.H., G.T. or F.H.), and the TICI grades were recorded.
Analysis
Futile recanalization was defined as a 30-day modified Rankin scale score of 3-6 despite successful recanalization (TICI grade 2b or 3). Clinical and imaging baseline parameters were compared between patients with futile and nonfutile recanalization using the Mann-Whitney U test for numerical variables and Fisher's exact test for categorical variables. The data are presented as medians [interquartile range (IQR)] or frequencies (%). To identify independent predictors of futile recanalization at the time of presentation, multivariate logistic regression analysis was performed including all parameters with a p value <0.1 in the comparisons between groups. For continuous variables, the cutoff value was determined using the area under the receiver operating characteristic curve. Results were considered significant with p < 0.05. All analyses were performed using IBM SPSS software for Windows, version 18 (IBM, Armonk, N.Y., USA).
Results
Forty-six patients underwent endovascular therapy between June 2010 and May 2011. Thirty-five of the 46 patients (76%), including 18 males (50%), with a median age of 70 years (IQR 57-78 years) and a median NIHSS score of 13 (IQR 9-20), achieved successful recanalization (TICI grade 2b or 3). Twenty patients (57%) underwent follow-up MRI within 48 h of the recanalization therapy. They were all observed with patency of the treated artery. The period from the last time the patient was seen well to MRI was 278 min (IQR 224-391 min) and that to endovascular therapy was 374 min (IQR 295-464 min). Twenty-four of the 35 patients (69%) underwent perfusion-weighted MRI. The occlusion site was the internal carotid artery in 15 patients (43%) and the middle cerebral artery in 20 patients (57%). Futile recanalization was identified in 20 of these 35 patients (57%).
The results of the univariate analyses are shown in table 1 . Patients with futile recanalization were older (median age 74 vs. 58 years; p = 0.053), had higher initial NIHSS scores (median 17 vs. 9; p = 0.042), had more frequently a large pretreatment DWI-DWM lesion (45 vs. 9%; p = 0.022), and had a larger final ischemic lesion volume (median 37 vs. 9 ml; p = 0.003). Pretreatment ASPECTS on CT (median 9 vs. 9; p = 0.527) and on DWI (median 8 vs. 8; p = 0.943), initial ischemic lesion volume on DWI (median 21 vs. 14 ml; p = 0.230), and MTT on MRI perfusion-weighted imaging (median 189 vs. 192 ml; p = 0.976) were similar between patients with and those without futile recanalization. There were no significant differences between the 2 groups in the times from onset to imaging or from onset to endovascular therapy. IV rt-PA before endovascular therapy was not associated with outcome.
Three variables with p < 0.1 on univariate analyses were identified. The areas under the receiver operating characteristic curves yielded cutoff values predicting futile recanalization with high sensitivity and specificity as follows: age >70 years (sensitivity 65%; specificity 69%) and initial NIHSS score ≥ 15 (sensitivity 65%; specificity 75%). Multivariate logistic regression analysis demonstrated that a large DWI-DWM lesion was an independent predictor of futile recanalization (OR 13.97; 95% CI 1.32-147.73; p = 0.028; table 2 ). The sensitivity, specificity, positive predictive value, and negative predictive value of a large DWI-DWM lesion for predicting futile recanalization were 45, 93, 90, and 56%, respectively. 
Discussion
A large DWI-DWM lesion was the only independent predictor of unfavorable outcome at 30 days in patients with successful recanalization after endovascular therapy. The positive predictive value of a large DWI-DWM lesion for predicting futile recanalization was 90%.
Some previous studies reported that a DWM lesion in acute ischemic stroke was related to poor outcome [21] [22] [23] [24] . Loh et al. [14] reported that a diffusion abnormality throughout the basal ganglia and white matter in the territory of the middle cerebral artery was associated with worse disability at discharge, a longer hospital stay, and a higher rate of hemorrhage in acute ischemic stroke patients who underwent endovascular therapy, compared with other diffusion patterns. The results of the present study are consistent with those findings. Tracking analysis revealed that the area of the DWM was crossed by the corticospinal tract and many other cortico-subcortical and long-range intrahemispheric association fiber tracts [25] . The DWM is supplied by perforating branches of the middle cerebral artery and cortical branches of the anterior and posterior cerebral arteries [26, 27] . A large DWM lesion may therefore indicate that extensive infarction has already started because of poor collateral circulation. The state of the collateral circulation may be one of the strongest predictors of clinical outcome in patients with acute stroke [28, 29] .
Older age and a higher initial NIHSS score were identified as predictors of futile recanalization in the present study. Hussein et al. [11] observed futile recanalization in 49% of patients who underwent endovascular therapy for acute ischemic stroke, and they found that age >70 years (OR 4.4; 95% CI 1.9-10.5; p < 0.001) and an initial NIHSS score of 10-19 (OR 3.8; 95% CI 1.7-8.4; p < 0.001) were independent predictors of futile recanalization. Although the present multivariate analysis did not identify age >70 years or initial NIHSS score ≥ 15 as independent predictors of futile recanalization, the results regarding age and initial NIHSS score were similar. An analysis of the PROACT II study that examined the efficacy of intra-arterial prourokinase for the treatment of acute stroke patients within 6 h of onset found that age ≤ 68 years and NIHSS score <20 were associated with good outcome (modified Rankin scale score 0-2) after 90 days [30] . Among 3,864 patients who underwent endovascular clot retrieval, age ≥ 65 years was associated with higher rates of in-hospital mortality and discharge to a long-term care facility than age <65 years (29.7 vs. 17.1%; p < 0.0001, and 54.1 vs. 47.6%; p < 0.0001, respectively) [31] .
The results of the present study did not show an association between time to endovascular therapy and futile recanalization. Favorable outcomes were associated with early treatment in a pooled analysis of intravenous thrombolysis trials and with early recanalization in prospective endovascular therapy studies [32] [33] [34] . The lack of association between time to treatment and outcome in this study may be due to the small sample size or patient selection based on MRI findings. A post-hoc analysis of the DEFUSE2 study data showed that the ORs for a favorable response to treatment in patients with reperfusion versus those without reperfusion were not significantly different between patients who received early and late treatment, if they had target mismatch on MRI.
At this stage, we cannot assert that patients with large DWI-DWM lesions are not poor candidates for endovascular therapy. A randomized trial can determine whether this lesion pattern predicts unfavorable results from endovascular therapy. However, these results can be used to inform family discussions about whether endovascular therapy should be performed, since this pattern may be a poor prognostic indicator despite successful recanalization. To improve patient outcomes, a randomized trial to prove the usefulness of the pretreatment MRI lesion pattern is needed.
